Angiotensin-converting enzyme 2 (ACE2) is a newly discovered homolog of ACE whose actions oppose those of angiotensin II (AngII). However, the underlying mechanisms by which ACE2 effectively suppresses early atherosclerotic lesions remain poorly understood. Here, we show, both in vitro and in vivo, that ACE2 inhibited the development of early atherosclerotic lesions by suppressing the growth of vascular smooth muscle cells (VSMCs) and improving endothelial function. In a relatively large cohort animal study (66 rabbits), aortic segments transfected by Ad-ACE2 showed significantly attenuated fatty streak formation, neointimal macrophage infiltration, and alleviation of impaired endothelial function. Segments also showed decreased expression of monocyte chemoattractant protein 1, lectin-like oxidized low-density lipoprotein receptor 1, and proliferating cell nuclear antigen, which led to the delayed onset of atherosclerotic lesions. At the cellular level, ACE2 significantly modulated AngII-induced growth and migration in human umbilical vein endothelial cells and VSMCs. The antiatherosclerotic effect of ACE2 involved down-regulation of the ERKp38, JAK-STAT, and AngII-ROS-NF-κB signaling pathways and upregulation of the PI3K-Akt pathway. These findings revealed the molecular mechanisms of the antiatherosclerotic activity of ACE2 and suggested that modulation of ACE2 could offer a therapeutic option for treating atherosclerosis.
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atherosclerosis | endothelial cell | gene therapy | smooth muscle cell | signaling pathway A ccumulating evidence indicates that endothelial cell (EC) dysfunction and the proliferation and migration of vascular smooth muscle cells (VSMCs) are salient features of early atherosclerotic lesions, and that the renin-angiotensin system (RAS) plays an important role in the pathogenesis of atherosclerosis (1, 2) . Angiotensin II (AngII) promotes EC dysfunction and VSMC proliferation and migration by increasing the expression of monocyte chemoattractant protein 1 (MCP-1) and lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1), leading to aggravation of atherosclerotic lesions (3) (4) (5) . Delivery of ACE inhibitors or AngII type 1 receptor (AT 1 R) blockers to limit AngII bioactivity is an effective approach against atherosclerosis.
Recent studies show that endogenous levels of AngII are regulated by the opposing action of two carboxypeptidases, angiotensin-converting enzyme (ACE) and angiotensin-converting enzyme 2 (ACE2). The latter is thought to counterbalance ACE by cleaving AngI into the inactive angiotensin 1-9 and cleaving AngII into the vasodilating and antiproliferative angiotensin 1-7 [Ang(1-7)]. ACE2 is thus considered a potential therapeutic target of RAS for the treatment of cardiovascular diseases by virtue of its key role in the formation of vasoprotective peptides from AngII (6) (7) (8) . Our recent study using a rabbit atherosclerosis model showed that ACE2 overexpression stabilized aortic plaques at a late stage and attenuated the progression of early atherosclerotic lesions. These therapeutic effects were due to reduced AngII levels and ACE activity as well as increased Ang(1-7) levels in the local RAS (9).
Because ACE2 is mainly expressed in ECs and VSMCs of the vascular wall, ACE2 may display an antiatherosclerotic effect by targeting the vascular compartment. In this study, we provide experimental evidence to validate this hypothesis.
Results ACE2 Expression and Activity. Immunohistochemistry and RT-PCR showed high levels of ACE2 protein and mRNA expression in atherosclerotic lesions in the Ad-ACE2 group relative to Ad-EGFP and nontransduced (NT) groups ( Fig. 1 A, C, and D) . Experiment in vitro demonstrated that ACE2 protein expression was increased in the Ad-ACE2 group of cultured human umbilical vein endothelial cells (HUVECs) 24 h after transfection in comparison with the nontransduced and Ad-EGFP groups ( Fig. 1 B and E) . Adjacent serial sections showed positive ACE2 protein expression in macrophages ( Fig. 2 A and B) and VSMCs ( Fig. 2 C and D) . The ratio of peptide peaks [Ang(1-7):AngII] as an indicator of ACE2 activity in vascular tissues was significantly higher in the Ad-ACE2 group (1.20 ± 0.05) relative to the Ad-EGFP (0.32 ± 0.01) and nontransduced (0.31 ± 0.02) groups (Fig. S1A ).
ACE2 Attenuates Atherosclerotic Lesions. Fatty streak formation in the abdominal aorta was significantly reduced in the Ad-ACE2 group relative to the Ad-EGFP and nontransduced groups ( Fig.  2 E and F) . Marked intimal thickening was present in the Ad-EGFP and nontransduced groups; the intimal area and the ratio of intimal to medial (I/M) area were significantly lower in the Ad-ACE2 group than the Ad-EGFP and nontransduced groups ( Fig. 2 H and I) , with no difference between the Ad-EGFP and nontransduced groups, although the serum lipid levels were similar among the three groups of rabbits (Tables S1 and S2 ). The relative lipid content in atherosclerotic lesions, depicted by Oil-red O staining, was significantly lower in the Ad-ACE2 group than the Ad-EGFP and nontransduced groups ( Fig. 2 F and J) .
Within the atherosclerotic lesions, the area that was positive for proliferating cell nuclear antigen (PCNA; Fig. 2 G and K) was significantly lower in the Ad-ACE2 group (4.87 ± 1.13%) than in the Ad-EGFP (10.63 ± 1.19%) and nontransduced groups (11.13 ± 1.25%). Double immunolabeling showed that the PCNApositive staining was localized in VSMCs, macrophages, and ECs in atherosclerotic lesions (Fig. S2) .
The percentage of macrophages in atherosclerotic lesions was lower in the Ad-ACE2 group (18.75 ± 4.00%) than in the Ad-EGFP (25.85 ± 4.72%) and nontransduced groups (23.73% ± ACE2 Regulates MCP-1 and LOX-1 Expression. Immunohistochemistry was used to explore the changes in MCP-1 ( Fig. S3B ) and LOX-1 ( Fig. S3C) protein expression induced by ACE2 gene transfection in the abdominal aorta. Staining was extensive in the Ad-EGFP and nontransduced groups (where it was found mainly in the endothelium and neointima) as compared with the Ad-ACE2 group. Quantitative analysis revealed that the relative MCP-1 protein expression was significantly lower in the Ad-ACE2 group (16.56 ± 2.34%) than in the Ad-EGFP (27.73 ± 5.82%) and nontransduced (26.97 ± 5.01%) groups. Similarly, the relative LOX-1 protein expression was significantly lower in the Ad-ACE2 group (16.64 ± 2.13%) than in the Ad-EGFP (25.03 ± 3.34%) and nontransduced (24.00 ± 3.64%) groups, with no difference in MCP-1 and LOX-1 expression between the Ad-EGFP and nontransduced groups.
Western blot analysis of HUVECs demonstrated a lower expression of MCP-1 in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups 48 h after Ad-ACE2 transfection ( Fig. 3 A and D) . Similarly, LOX-1 expression was significantly suppressed 72 h after Ad-ACE2 transfection ( Fig. 3 B and E).
In exploring the signaling pathways mediating the effects of ACE2 on MCP-1 and LOX-1 expression in HUVECs, PI3K ( Fig. S4 G and H) protein expression in the Ad-ACE2+Akt inhibitor group was higher than that in the Ad-ACE2 group but lower than that in the Akt-inhibitor, nontransduced and Ad-EGFP groups, with no difference in MCP-1 and LOX-1 expression between Akt-inhibitor, nontransduced and Ad-EGFP groups.
ACE2 Modulates AngII and Ang(1-7) Expression. Ang(1-7) protein expression was higher in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups ( Fig. 3 C and F), with no significant difference between the Ad-EGFP and nontransduced groups. AngII protein expression in aortic lesions, as measured by (24, 48 , and 72 h after transfection). **P < 0.01 vs. nontransduced or Ad-EGFP group. n = 12 in each group. ELISA (ng/mg total protein), was markedly lower in the Ad-ACE2 group (2.53 ± 0.14) than the Ad-EGFP (3.56 ± 0.14) and nontransduced (3.59 ± 0.22) groups, with no difference between the Ad-EGFP and nontransduced groups.
Studies of HUVECs demonstrated a markedly lower AngII protein level in the Ad-ACE2 group than the Ad-EGFP and nontransduced groups (Fig. 4D) . In contrast, Ang(1-7) protein expression was higher in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups (Fig. 4 A and F) .
ACE2 Regulates ACE and AT 1 R Expression. ACE and AT 1 R expression levels were examined in vivo. ACE protein expression (as determined by immunohistochemistry; Fig. 4 C and G) and AT 1 R protein expression (as detected by Western blot analysis; Fig. 4 B and E) were significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups.
Western blot analysis of HUVECs demonstrated that ACE protein expression (Fig. S5 A and B) was significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups 24 h after gene transfection and that AT 1 R expression ( Fig. S5 C and D) was lower beginning at 48 h.
AngI was converted to AngII in all three groups examined (Fig. S1B) . The ratio of AngII to AngI was significantly lower in the Ad-ACE2 group (0.61 ± 0.12) than in the Ad-EGFP (1.11 ± 0.03) and nontransduced (1.15 ± 0.04) groups, with no difference between the Ad-EGFP and nontransduced groups.
ACE2 Inhibits VSMC Proliferation and Migration. Ad-ACE2-transfected VSMCs showed a significant and time-dependent reduction in proliferation as compared with Ad-EGFP and nontransduced groups at 48 h after transfection (Fig. 5A) . Thymidine incorporation assays showed that DNA replication of VSMCs was significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups (Fig. 5B) . VSMC migration was significantly inhibited in the Ad-ACE2 group as compared with the Ad-EGFP and nontransduced groups (Fig. 5 C and D) . Thus, ACE2 markedly inhibited DNA replication and VSMC proliferation and migration. Migration activity associated with up-regulation of matrix metalloproteinase (MMP) in VSMCs was examined by migration assay with the use of a modified Boyden chamber. The polycarbonate filter was coated with Matrigel. As shown in Fig. 5E , AngII significantly enhanced VSMC invasion into matrix barriers and promoted VSMC migration. Treatment with GM6001, an MMP inhibitor, inhibited VSMC migration induced by AngII. Furthermore, blockade of ERK1/2 mitogen-activated protein kinase (MAPK) and p38 MAPK with SB203580 and PD98059, respectively, or with a specific JAK2 inhibitor (AG-490) significantly attenuated VSMC migration induced by AngII.
ACE2 Improves Endothelial Function. To characterize the role of ACE2 in regulating EC function, we evaluated proliferation, migration, and formation of tube-like structures in HUVECs. In comparison with the Ad-EGFP or nontransduced groups, Ad-ACE2-transfected HUVECs showed significantly inhibited EC proliferation (Fig. S6 A and B) , enhanced EC migration (Fig. S6 C  and D) and augmented tube-like structure formation, which is indicative of an increased number of infiltrating vessels, in the Ad-ACE2 group (Figs. S6E and S7A ). In addition, ACE2 overexpression substantially reduced the protein expression of MCP-1 and intercellular adhesion molecule 1 (ICAM-1; Table S3 ), and the number of monocytes adhering to HUVECs (Fig. S7D) , as compared with the Ad-EGFP and nontransduced groups. Endothelium-dependent relaxation induced by acetylcholine was significantly impaired in the aortic segments of the Ad-EGFP and nontransduced groups. In contrast, endothelium-dependent relaxation of the aortic segments was significantly improved in the Ad-ACE2 group (Table S4) .
ACE2 Regulates Reactive Oxygen Species (ROS) and NF-κB Activity.
After AngII stimulation in HUVECs, levels of ROS were significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups (Fig. S7B) . Transcription factor assays were performed with nuclear protein extracted from HUVECs. NF-κB DNA-binding activity in HUVECs was significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups after AngII stimulation (Fig. S7C) .
Impact of ACE2 on MMP-2 and MMP-9 Activity. To elucidate the association of AngII stimulation and MMP activation, we measured MMP-2 and MMP-9 activity in AngII-treated VSMCs by zymography. At the same dose that induced VSMC migration, AngII stimulation increased MMP-9 activity but did not affect MMP-2 activity. After ACE2 gene transfer, MMP-9 activity was markedly inhibited in the Ad-ACE2 group compared with the Ad-EGFP and nontransduced groups (Fig. S8 A and B) . However, ACE2 had no effect on MMP-2 activity.
ACE2 Regulates ERK-p38 and JAK-STAT Signaling Pathways. To clarify how ACE2 suppressed VSMC proliferation and migration, the ERK1/2 and p38 signaling pathways were explored. ERK1/2 ( Fig. S8 C and D) and p38 (Fig. S8 E and F) phosphorylation in atherosclerotic lesions was significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups.
Because JAK2 and STAT3 signaling pathways play an essential role in mediating VSMC proliferation, we explored the role of these two signaling pathways in the regulation of VSMC bioactivity after Ad-ACE2 transfection. Expression of both JAK2 (Fig. S9 A and B) and STAT3 (Fig. S9 C and D) protein in atherosclerotic lesions was significantly lower in the Ad-ACE2 group than in the Ad-EGFP and nontransduced groups.
Discussion
The key finding of this study is that local overexpression of ACE2 significantly inhibits the development of early atherosclerotic lesions in a rabbit atherosclerosis model. The antiatherosclerotic effect of ACE2 is associated with prohibited proliferation and migration of VSMCs and improved endothelial functions. The underlying mechanism involves down-regulation of the ERK-p38 and JAK-STAT pathways and up-regulation of the PI3K-Akt pathway.
The recent discovery of several new members in the RAS family, such as ACE2, Ang (1-7), and Ang(1-9), facilitates our understanding of the complex relationship between RAS and atherosclerosis (10) (11) (12) (13) . ACE2 catalyzes the formation of the vasoprotective peptide Ang(1-7) from AngII and is thus considered a natural antagonizing force for AngII. Ang(1-7) has both vasodilative and antiproliferative activities opposing those of AngII, and Mas, a proto-oncogene that is considered the receptor for Ang (1-7) is mainly expressed in the kidney, heart, and brain (14) . It has been shown that high expression of Mas leads to decreased ROS. Moreover, inhibition of NF-κB activation by Ang(1-7) is partially reversed by the Mas receptor antagonist A779 (15) . In this study, we show that ACE2 effectively attenuates atherosclerotic lesions by inducing a number of changes in the RAS-mediated signaling system. First, ACE2 overexpression led Quantitative analysis of AngII-induced VSMC invasion into the ECM. Ang-II significantly promoted VSMC migration, which was substantially attenuated by treatment with GM6001, an MMP inhibitor, blockade of ERK1/2 MAPK, and p38 MAPK with SB203580 (10 μM) and PD98059 (20 μM), respectively, or administration of a specific JAK2 inhibitor (AG-490, 10 mM). **P < 0.01 vs. NT, PD98059, SB203580, GM6001, or AG-490 group.
to greater conversion of AngII to Ang (1-7) , with a reduction in the level of AngII, an effect similar to ACE inhibitors. In addition, Ang(1-7) has a potent and independent antiatherosclerotic effect, as revealed by our previous study (9) . Thus, decreased AngII and increased Ang(1-7) levels are equally important in the therapeutic effects of ACE2 gene transfection in early atherosclerosis. Second, ACE2 overexpression suppressed ACE activity. Previous studies reported that AngII increased ACE expression but decreased ACE2 expression by activating the ERK-p38 pathway (16) . We found that ACE2 attenuated ACE expression and activity by down-regulating the ERK-p38 pathway. Similarly, ACE inhibition may lead to enhanced expression and activity of ACE2 as reported in a rat model of myocardial infarction and Lewis normotensive rats (17, 18) . Thus, ACE and ACE2 may regulate each other by feedback inhibition. Third, ACE2 overexpression affected AT 1 R activity. We found that the protein expression of AT 1 R was markedly attenuated after ACE2 gene transfection, a finding consistent with a previous study (19) . The explanation for this finding may be the accelerated conversion of AngII to Ang(1-7) by overexpressed ACE2 combined with the decreased conversion of AngI to AngII due to suppressed ACE activity.
Neointima formation and vascular remodeling are characteristics of early atherosclerotic lesions, and these pathological processes may involve EC dysfunction, VSMC proliferation and migration, and ECM deposition (20, 21) . Therefore, modulation of EC function and VSMC growth is of critical importance in the prevention and treatment of early atherosclerosis. In this study, we found that ACE2 overexpression led to a significant reduction of the intimal area and the ratio of intimal-to-medial area. Moreover, Ad-ACE2 transfection significantly inhibited DNA replication and VSMC proliferation and migration. These results suggest that improved VSMC bioactivity is one of the major mechanisms of the antiatherosclerotic effects of ACE2 overexpression, although the underlying signaling pathway remains unclear. Previous studies demonstrated that ERK-p38 and JAK-STAT signaling pathways activated by AngII and other cytokines had essential roles in VSMC proliferation and migration (22) . In this study, we found that AngII-induced VSMC migration and MMP-9 activation were significantly attenuated by blocking the ERK-p38 and JAK-STAT signaling pathways in vitro and, more importantly, these pathways were significantly down-regulated in atherosclerotic lesions after Ad-ACE2 transfection. Together, these results suggest that ACE2 attenuated VSMC proliferation and migration in early atherosclerosis by inhibiting the ERK-p38 and JAK-STAT signaling pathways.
VSMC migration requires degradation of the basement membrane and ECM surrounding the cell. MMPs cleave components of the ECM and play an important role in inducing VSMC migration. Some studies have found that AngII stimulates MMP-9 secretion from VSMCs (23) . In this study, ACE2 transfection significantly inhibited MMP-9 activity in AngII-stimulated VSMCs, which suggests that ACE2 may inhibit VSMC migration by suppressing MMP-9 activity. In contrast, Ad-ACE2 had no effect on MMP-2 activity in AngII-stimulated VSMCs, a result consistent with previous findings (23) .
EC dysfunction in atherosclerosis involves vasoconstriction, leukocyte adherence, prooxidation, platelet activation, vascular inflammation, and thrombosis (24) . In this study, we found that endothelium-dependent relaxation induced by acetylcholine was significantly impaired in the aortic segments of the Ad-EGFP and nontransduced groups but was significantly improved in the Ad-ACE2 group. We also found that ACE2 significantly inhibited HUVEC proliferation, promoted cell migration, and enhanced tube-like structure formation, which is regarded as an indicator of improved endothelial cell function and EC-mediated neovascularization (1). Because MCP-1 is a key chemokine that stimulates monocyte migration into the subendothelial space, we evaluated the effect of ACE2 on the adhesion of monocytes to HUVECs in vitro and on the extent of macrophage infiltration and MCP-1 and LOX-1 protein expression in vivo. ACE2 decreased the expression of MCP-1 and ICAM-1 in cultured HUVECs, decreased the number of monocytes adhering to HUVECs, inhibited MCP-1 and LOX-1 expression, and inhibited the extent of macrophage infiltration in atherosclerotic lesions. These results suggest that improved EC bioactivity and suppressed chemokine expression are an important mechanism of the antiatherosclerosis effects of ACE2 overexpression.
To further elucidate the signaling pathway responsible for the therapeutic effects of ACE2 on chemokine expression, we explored the association of the PI3K-Akt pathway and expression of MCP-1 and LOX-1. ACE2 gene transfection in HUVECs markedly activated the PI3K-Akt pathway, which led to attenuated expression of MCP-1 and LOX-1. In contrast, administration of the specific Akt inhibitor SH-6 with Ad-ACE2 transfection significantly counteracted the suppressive effect of ACE2 on MCP-1 and LOX-1 expression. Thus, ACE2 may exert its suppressive effects on LOX-1 and MCP-1 expression via the PI3K-Akt pathway.
Studies have found that AngII enhances endothelial NADPH oxidase activity that leads to increased ROS production and NF-κB activation (25) (26) (27) and initiates a number of pathological processes including endothelial dysfunction, vascular inflammation, and cell proliferation (28) . In this study, we found that ACE2 gene transfection decreased ROS levels and inhibited NF-κB activity in HUVECs, suggesting that changes in the downstream inflammatory pathways may take part in the mechanisms of the antiatherosclerotic effects induced by ACE2 overexpression.
In summary, our study demonstrates that ACE2 overexpression significantly inhibited early atherosclerotic lesions by suppressing VSMC proliferation and migration and improving EC function. The antiatherosclerotic effects of ACE2 likely result from the interactions of various RAS components, such as decreased AngII levels, increased Ang(1-7) levels, reduced ACE activity, and reduced AT 1 R expression. The mechanisms underlying these therapeutic effects involved down-regulation of the ERK-p38, JAK-STAT, and AngII-ROS-NF-κB pathways and upregulation of the PI3K-Akt pathway. Thus, ACE2 may provide a unique therapeutic target in the prevention and treatment of early atherosclerotic lesions.
Materials and Methods
Preparation of ACE2 Adenoviral Vector. Murine ACE2 cDNA was amplified by RT-PCR from RNA of mouse kidney. Recombinant adenovirus carrying the murine ACE2 or a control transgene (enhanced green fluorescent protein, EGFP) were prepared as described with use of the AdMax system (29) (see SI Materials and Methods for details).
Animal Model and Gene Transfer. Sixty-six male New Zealand White rabbits were fed an atherogenic chow, then arterial wall injury was induced by balloon injury after anesthesia by a described method (30) (see SI Materials and Methods for details). Rabbits were randomly divided into three groups (n = 22 each) for treatment with a suspension of Ad-ACE2, treatment with a suspension of Ad-EGFP, and no treatment.
HUVEC or VSMC Culture and Gene Transfer. HUVECs or VSMCs incubated with AngII for 24 h were divided into three groups for treatment: Ad-ACE2, Ad-EGFP, and no treatment. Ad-ACE2 or Ad-EGFP was transfected into cells and harvested at 24, 48, and 72 h after gene transfection for Western blot analysis (see SI Materials and Methods for details).
Measurement of ACE2 and ACE Activity. The enzymatic activities of ACE2 and ACE were evaluated by SELDI-TOF-MS (31) (see SI Materials and Methods for details).
Serum Lipid Measurement. The serum concentrations of total cholesterol (TC) and triglycerides (TG) were determined by enzymatic assays.
Histopathological Analysis. Serial sections were stained with hematoxylin and eosin and Oil-red O for histopathological analysis (see SI Materials and Methods for details).
Immunohistochemical Analysis. Macrophages, LOX-1, MCP-1, Ang (1-7), AT 1 R, and PCNA were identified by using appropriate primary antibodies (see SI Materials and Methods for details). The identities of cells with positive PCNA staining were determined by double-labeled immunocytochemistry as reported (32) .
ELISA. Protein levels of MCP-1, ICAM-1, and Ang II were measured by ELISA (see SI Materials and Methods for details).
